INTRODUCTION
The performance of analytical separation techniques is improved when a more specific detection system can be applied. It makes the method less susceptible to interferences from the matrix in which the compounds of interest are to be determined, and also gives a greater sensitivity. In capillary isotachophoresis, the detection limit of the universal (a.c. conductivity/potential gradient) detector is determined by the detector cell volume*. The same applies to the UV detector, except when using the "spike" method2. Dual-wavelength detection3 also gives greater specificity.
The detection unit developed for dual-wavelength UV absorption detection in isotachophoresis, in which two beams of light penetrate the sa.mpJe zone perperidtcular to each other, makes fluorescence detection in a cell volume of less than 10 nl possible. Simultaneously, the absorption at the wavelength of excitation can be monitored.
EXPERIMENTAL
The isotachophoretic experiments were performed in equipment developed and built by Everaerts et 
I
, O.lmm , Fig. 1 . Construction of the detection unit. The PTFE capillary (T) is mounted in a brass holder (B) into which four slits are drilled equiplanar.
Light is conducted with a quartz optical fibre (C) or quartz rods (D). Perpendicular to the excitation (E), fluorescence emission (F) is measured. The absorption at the wavelength of excitation is monitored simultaneously (A).
Model MK-1 spectrofluorimeter (Farrand, New York, NY, U.S.A.). The grating caused some polarization of the incident light, which, after the excitation slit, was conducted to the detection unit with a 400-mm quartz optical fibre of 1 mm diameter, allowing a spectral bandwidth of 10 nm. Because of a radial refractive index gradient within this fibre, a parallel beam of light can be assumed to enter the detection unit. Fig. la shows a cross-section of the detection unit for dual-wavelength UV absorption detection in isotachophoresis as introduced earlier3. The material used was brass. The PTFE capillary in which the analyses were carried out was pulled through a 0.35 mm hole in this unit, perpendicular to which, were drilled equiplanar four holes of ca. 0.15 m diameter. The refractive index of PTFE (1.30-l .40) will cause the incident light to be focused (Fig. lb) . In the range 300-400 nm the 0.075 mm thick PTFE wall will absorb ca. 96% of the incident light. There is virtually no difference in refractive index between PTFE and water (1.33). As can be seen in Fig. lb , the focusing of the light will give rise to a higher intensity at the next water-PTFE interface. This factor was calculated to be approximately 1.4. Then again cu. 94% of the light is absorbed by the capillary wall and further focusing takes place outside the capillary in the brass slit. The loss of light due to dispersion in the exit slit is significant. After a path length of ca. 2 mm in air, a quartz rod of 3 mm diameter and 60 mm length mounted in a brass holder conducts the light towards a photodiode detector for absorption measurements. The detector was equipped with a UV-bandpass filter, Type CS 7-54 (Corning Glass,No. 9863) and a continuously variable neutral density filter consisting of two sheets of polarizing material. The latter was necessary to prevent detector overload. The fluorescence emission was measured perpendicular to the excitation. Owing to the random direction of the fluorescence emission, only cu. 5% will eventually reach the exit slit, even without taking into account the absorption by the PTFE wall. The exit slits for absorption and emission were identical, so that significant loss of emission intensity was also inevitable, especially due to dispersion. For emission measurement, the narrow-band filter normally used in UV absorption detection in isotachophoresis was replaced with a high-pass cut-off filter, Type CS 3-72 (Corning Glass No. 3387), unless otherwise indicated. The amplification of the current from the photodiodes was 106. The detector signals were registered with a potentiometric recorder, Type BD 41 (Kipp, Delft, The Netherlands) and a PUZZLE microprocessor system (E. Steiner, Vienna, Austria) running a BASIC program described elsewhere3. The operational systems for the isotachophoretic analyses were made from analytical-reagent grade chemicals purchased from either Merck (Darmstadt, G.F.R.) or Sigma (St. Louis, MO, U.S.A.).
RESULTS AND DISCUSSION
The detection unit was tested with quinine and fluorescein as model substances. The emission was measured with a 470~nm high-pass filter. The relationship between fluorescence intensity (fl and concentration (c) is
where Q'F is the quantum yield, Z,J the intensity of the excitation, E the molar absorptivity at the wavelength of excitation and 1 the path length. If for, e.g. dilute solutions, clc << 1, then eqn. 1 reduces to
The relative intensity of the light source Za was calculated with the aid of eqn. 1, @'F values from literature4 and the fluorescence intensities (F) of the reference solutions. It amounted to ca. 9*10-r* A in the range 330-360 nm with a lo-nm excitation bandwidth (see Table I ).
A drawback of PTFE in optical detection systems in isotachophoresis is the loss of UV light. With a wall thickness of 0.075 mm, the loss of UV light over the entire capillary amounted to 99.8% in the range 300-400 nm. The use of quartz capillaries in this respect is under investigation. A higher signal level is especially important if the signal amplitude is used instead of zone length for quantitation. Although the measuring cell volume is less than 10 nl, with a path length of 0.2 mm, the relatively high concentration of the sample ions in the steady state (cu. 0.01 M) makes fluorescence detection in isotachophoresis possible.
UV absorption in capillary isotachophoresis is usually in the range 0.1-l absor- bance unit, which means that the intensity of the fluorescence emission (eqn. 1) is no longer linearly related to the concentration (concentration quenching). This was verified experimentally by the isotachophoretic analysis of quinine and fluorescein in a cationic and an anionic operational system, respectively (Table II) . The corresponding excitation spectra thus determined are shown in Fig. 2 (Table II) . a b Fig. 3 . Isotachophoretic analysis with simultaneous UV absorption (A) and fluorescence emission (F) detection of (a) a 400~ng quinine standard and (b) a 5~1 soft drink containing 30 mgil of quinine. The wavelength of excitation was 370 nm. For the cationic operational system, see Table II. constituents in their zones are in the range 5-10 mM, that is, 5-10 times as high as in the standard solution in Table I . The resulting fluorescence, however, is approximately the same for quinine (Fig. 3) , which can be ascribed to quenching due to pH, concentration, viscosity, the effect of the counter ion and the temperature profile in the capillary .
The temperature rise in the zones due to the heating effect of the driving current is small in a 0.2 mm I.D. capillary. We did not observe any influence of the driving current on the fluorescence intensity of quinine and fluorescein, although temperature is known to have a pronounced effect on fluorescence intensity4. The results have shown that although significant quenching may take place, fluorescence detection of zones in isotachophoresis is possible. The relatively high signal-to-noise ratios (SIN) encountered will make the method even more useful for the detection of spikes, and eventually capillary zone electrophoresi?.
Because of the serious dependence of fluorescence intensity on the conditions (pH, concentration, temperature, viscosity, impurities), a deviation from linearity with the spike method was expected, because of its susceptibility to interference from adjacent zones (spacers, impurities).
A calibration graph for quinine at the sub-nanomole level was constructed (Fig. 4) using the heights of the fluorescence and absorption spikes. The absorption was sufficiently linear with respect to concentration at levels below 10% absorption, as expected. Fluorescence, however, did show nonlinearity, as illustrated by the fluorescence/absorption ratio (Fig. 4) , which is a qualitative indication of quenching. However, it cannot be attributed solely to concentration quenching at detector cell absorption percentages in the range &20%. The increase in the fluorescence of fluorescein was more evident (Fig. 2) , especially in the range 35O-KlO nm for the excitation. For this compound an emission filter with a cut-off wavelength higher than 470 nm would have been more appropriate, although fluorescein could be detected with S/N 30,000 when excited at 410 nm in the present configuration. Quinine is detected with S/N 600, a value acceptable in the detection of isotachophoretic zones.
An application of the determination of quinine with fluorescence detection is shown in Fig. 3 . Both fluorescence and absorption traces are shown for the determination of quinine in soft drink. The UV absorption exibits an S/N inferior to that of fluorescence. Part of the specificity of fluorescence detection is found in the possibility of optimizing both the excitation and emission wavelengths. In the equipment described, only the wavelength of excitation is tunable with a monochromator. For emission a choice is made from a number of high-pass cut-off filters. Because of the high bandwidth, this increases the sensitivity.
In the case of substances that show fluorescence in the range 350-450 nm, an emission filter Type CS O-52 (Corning Glass, No. 7380) can be used. An example is shown in Fig. 5 for the separation of vitamin B6 constituents. The analysis was carried out in standard equipment' for conductivity (Fig. 5a ) and UV absorption detection (Fig.  5b) at 254 nm. In a separate run, UV absorption at the wavelength of excitation ( (Table II) with conductivity detection(R), UV absorption at 254 nm (AI), UV-absorption at 340 nm (A2), the wavelength of excitation and fluorescence emission (F) with an emission filter, Type CS O-52. I = Thiamine I&; 2 = pyridoxamine B6; 3 = pyridoxine B6; 4 = pyridoxal Be; 5 = icotinamide. 5c) and fluorescence emission (Fig. 5d) were measured. Pyridoxamine, pyridoxine and pyridoxal were detected specifically in a standard mixture. Excitation was at 340 nm, the optimal wavelength in terms of response. The standard mixture also contained thiamine and nicotinamide which did not exhibit fluorescence. Computerized data reduction on the basis of the ratio of simultaneously detected fluorescence emission and UV absorption is possible. The computer pro 8 ram used was the same as for dual-wavelength UV absorption described elsewhere .
An example is shown in Fig. 6 , where from the absorption at the wavelength of excitation (Fig. 6a ) and the fluorescence emission (Fig. 6b ) the fluorescence/absorption ratio was calculated and plotted (Fig. 6~) . Data reduction on the basis of this ratio yielded a fluorescence plot (Fig. 6d) of only those zones which comply with a certain et al. ratio, in this instance 1.4 for pyridoxamine. The absorption and excitation spectra of the vitamin B6 compounds were constructed by repeated analysis at different wavelengths of excitation. These experiments have shown that although the optimal wavelength of excitation was in the range 340-350 nm, the wavelength of maximum absorption was in the range 300-320 nm. This is contrary to what is generally encountered4. mainly due to amino acids such as tryptophan. Fig. 8 shows the analysis of bovine serum albumin (BSA) as detected by UV absorption and fluorescence. The optimal wavelength of excitation was 300 nm, corresponding to the value reported for tryptophan. The fluorescence of an amino acid in a protein is known to depend on its environment, i.e., the protein conformation4. Conformational studies of proteins during their isotachophoresis can thus be performed with fluorescence detection.
For spectrofluorimetric determinations of proteins, a reaction with a fluorescent reagent is usually preferred. The interaction of human serum albumin (HSA) with one such fluorescent dye, 8-anilino-1-naphthalenesulphonic acid (ANS), was investigated6 Fig. 10 . Fluorescence quenching as a detection method in isotachophoresis.
The operational system uses a fluorescent counter ion (Table II) . A leading-terminator zone transition (a) shows a decrease in fluorescence (F) and absorption (A). From both signals fluorescence quenching was calculated (see text). In (b) the detection of 1 nmole each of phosphoric (l), citric (2), malic (3) and lactic acids (4) is shown. Additional imourities are also detected.
by isotachophoresis with UV detection. Although ANS is widely used in spectrofluorimetric determinations of proteins 4 its use in separation techniques such as isotachop-, horesis may be limited to binding studies, because of the nature of the interaction. The stability of the protein-dye complex in a high electric field is doubtful especially with weaker binding sites6 where a physical interaction rather than the product of a chemical reaction is likely to prevail. A chemical reaction does take place when reacting primary amino groups with fluorescamine7.
The use of fluorescamine for the fluorimetric determination of proteins in SDS-polyacrylamide gel electrophoresis* was reported. The reagent is also suitable for primary amino acids, which can then be analysed as anions at neutral pH, an additional advantage. This is because the reaction involves a replacement of the positively charged amino group with a negatively charged fluorophor. Fig. 9 illustrates the use of fluorescamine in amino acid analysis with isotachophoresis. Fig. 9a is a blank run, in which the reagent is converted in the high-pH buffer to a nonfluorescent, albeit UV-absorbing, product that migrates as an anion. Fig. 9b shows the analysis of cY-alanine derivatized with excess of fluorescamine.
The specificity of detection with fluorescence is clearly demonstrated.
In spectrofluorimetry it is sometimes possible to quantitate a non-fluorescent compound by measuring its quenching of the fluorescence emission of another compound, added to the sample in a defined amount and environment4.
As mostly qualitative information is obtained from the signal amplitude in isotachophoresis, fluorescence quenching as a detection method for isotachophoretic zones will give information on the identity of the corresponding sample ion. The method is illustrated in Fig. 10 . Quinine was used as a fluorescent buffering counter ion at its pK value in an anionic operational system of pH 4.13 (Table II) . The leading-terminator zone transition (Fig.  10a) shows a stepwise decrease in both fluorescence emission and UV absorption at 360 nm, the optimal wavelength of excitation for quinine in the leading electrolyte. A separation of phosphoric, citric, malic and lactic acids is shown in Fig. lob . The absorption and the fluorescence of a zone can be due to the sample ion and the counter ion. For sample ions without absorption at the wavelength of excitation (360 nm in this instance), only the counter ion is considered. Both absorption and fluorescence depend on concentration and pH (or rather the degree of dissociation). For sample constituents with known absolute mobilities and pK values, fluorescence quenching can be calculated, provided that the relationship between fluorescence, concentration and pH is known. This requires pre-information not usually available. On the other hand, the pK value of an unidentified component can be estimated from its fluorescence quenching. Therefore, for identification purposes a phenomenological approach seems more attractive. The fluorescence intensity of zone i (Pi), relative to that of the leading (FL) and the terminator (FT) zone, is now defined as
and analogously for the relative transmission of zone i:
A high quenching always coincides with a low transmission and a low fluorescence. (Table II) A number of organic and inorganic acids were analysed in the operational system mentioned and fluorescence quenching was calculated with eqn. 5. Care, was taken to eliminate those acids showing UV absorption at 360 nm. The results are shown in Table  III and Fig. 11 , where quenching is plotted versus the pKi value of the corresponding acids. Keeping in mind that the leading electrolyte pH is 4.13, acids with a pKi higher than 3 can be considered weak. These ions evidently show positive quenching. Strong ions with a pK lower than 3 show negative quenching (Fig. 11) . Fluorescence quenching can thus be used to distinguish between strong and weak unidentified components in a single run. The only pre-information needed is whether the components show absorption at the wavelength of excitation. This would require an additional run at the same pH but with a non-UV-absorbing counter ion (y-aminobutyric acid with pK 4.2 in this instance).
CONCLUSIONS
The possibility of using fluorescence detection in isotachophoresis without an increase in the detector cell volume has been demonstrated. Although some non-linearity was observed only when using the spike method, the advantages are its greater sensitivity and selectivity. Ionic compounds can be detected by their native fluorescence, or a suitable reaction to yield a fluorescent ion is carried out. The 90" configuration allows simultaneous UV absorption and fluorescence emission measurements. This makes it possible to apply computerized data reduction on the basis of the fluorescence/absorption ratio. An additional method of identification is fluorescence quenching to distinguish between strong and weak ions.
